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Magnetic skyrmions are topological spin configurations in materials with chiral Dzyaloshinskii-
Moriya interaction (DMI), that are potentially useful for storing or processing information. To date,
DMI has been found in few bulk materials, but can also be induced in atomically thin magnetic
films in contact with surfaces with large spin-orbit interactions. Recent experiments have reported
that isolated magnetic skyrmions can be stabilized even near room temperature in few-atom thick
magnetic layers sandwiched between materials that provide asymmetric spin-orbit coupling. Here we
present the minimum-energy path analysis of three distinct mechanisms for the skyrmion collapse,
based on ab initio input and the performed atomic-spin simulations. We focus on the stability
of a skyrmion in three atomic layers of Co, either epitaxial on the Pt(111) surface, or within a
hybrid multilayer where DMI nontrivially varies per monolayer due to competition between different
symmetry-breaking from two sides of the Co film. In laterally finite systems, their constrained
geometry causes poor thermal stability of the skyrmion toward collapse at the boundary, which we
show to be resolved by designing the high-DMI structure within an extended film with lower or no
DMI.
I. INTRODUCTION
In ferromagnetic materials with broken inversion sym-
metry, electron spins can twirl to form magnetic topo-
logical defects known as skyrmions1. These novel ob-
jects were initially observed in bulk magnetic mate-
rials with non-centrosymmetric crystal lattices2–4, but
have more recently been found in ultrathin magnetic
films on surfaces with strong spin-orbit interactions5,6.
Skyrmions are typically formed due to the competition
of the exchange and the Dzyaloshinskii-Moriya (DM) in-
teractions7,8. The small size (down to a few nanome-
ters)9 and the very small electrical currents10,11 needed
to displace them, increase the appeal of skyrmions for
prospective spintronic applications.
Magnetic skyrmions have also been proposed as infor-
mation carriers in possible data-processing devices12. For
example, in racetrack memories one can encode informa-
tion in a magnetic track by a train of skyrmions which
represent individual bits of information13,14. These
skyrmions are then moved by an applied current and in-
formation is read from their electrical signatures15. One
may also be able to create skyrmion-based logic devices16
or magnetic memories that operate in a similar way to
phase change memories17. However, the realization of
any practical applications will require the possibility to
create and destroy individual skyrmions as well as to ma-
nipulate their positions. By tuning the relative strength
of competing interactions active in the magnetic mate-
rial, it has already been shown that individual nanoscale
skyrmions can be stabilized13,18. It is also possible to
wire and delete such skyrmions6 and to precisely control
their motion using electrical currents10 or local electric
fields19.
The concept of topology provide useful insights into
the stability of an isolated skyrmion. States that are
termed topologically protected mean there is an energy
barrier separating the transition of a system from one
topological state to another. When considering the mag-
netization to be a continuous vector field, which is the
basic assumption in the micromagnetic framework, it is
impossible to collapse the skyrmion on itself in a continu-
ous manner. At some point in the process, a Bloch point
has to appear, resulting in an infinite exchange-energy
contribution. For this reason, skyrmionic (Sk) states are
believed to be topologically protected from other com-
peting spin configurations such as ferromagnetic (FM)
and spiral (helical or conical) orders20. In real materials,
however, the system is discrete and magnetic moments
are localized on atoms, resulting in finite energy barriers
that can be surpassed by thermal fluctuations. It is im-
portant to understand these energy barriers in order to
evaluate the stability and lifetime of isolated skyrmions,
and possibilities for their further manipulation. Since the
micromagnetic framework is not suited to model transi-
tions accompanied with a Bloch point, we have to resort
to more accurate, but computationally intensive, atom-
istic simulations to study the energy barriers between
states with a different topology.
Single magnetic skyrmions have already been exten-
sively studied both in theory13,21 and in experiments6,18.
Very recently Refs.22,23 reported detailed descriptions of
the mechanisms for skyrmion collapse in a single atomic
layer of magnetic material with interfacially-induced DM
interaction24. These restricted conditions can severely
limit the use of skyrmions in practical applications be-
cause (a) creating large-area monolayers requires special-
ized preparation which will make commercial production
hard to achieve and (b) isolated skyrmions in magnetic
monolayers have only been observed at very low tem-
ar
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2peratures. For realistic applications, room-temperature
skyrmions can be achieved by increasing the thickness of
the magnetic film to few monolayers and increasing the
interfacial spin-orbit coupling by using two different ma-
terials below and above the film25,26. In view of the emer-
gent importance of such multilayer hybrid structures, a
deep investigation of the behavior of isolated magnetic
skyrmions within few-atom thick ferromagnets with in-
homogeneous DMI is crucial for the design of future spin-
tronic devices.
In this paper we analyze the thermal stability of an
isolated skyrmion in ultrathin chiral magnetic structures
composed of few monolayers. We focus on the realistic
system of three atomic layers of Co, grown epitaxially
on the Pt(111) surface, with or without a capping ma-
terial with associated spin-orbit coupling. Realistically,
the DM interaction is diluted from one Co monolayer to
another, correspondingly to related ab initio calculations
in the literature26,27. Using atomic scale spin simula-
tions, we demonstrate that the properties of magnetic
skyrmions, such as their diameter and their stability, are
significantly different compared to the case of a Co mono-
layer (or constant DM interaction in a thicker film). To
better understand the stability of skyrmions in few-atom
thick films and hybrid multilayers, we study their col-
lapse mechanisms by minimum-energy path calculations
and reveal three distinct collapse paths (on itself, on the
boundary, and at an interface).
The paper is organized as follows. In Sec. II we pro-
vide the brief description of our theoretical framework
and numerical simulations. Sec. III is devoted to the
analysis of skyrmion stability and size in a 3ML Co film,
and its dependence on the vertical profile of the DM in-
teraction, and exchange and anisotropy effects. In Sec.
IV we discuss the energy paths for skyrmion collapse (on
itself, at a lateral sample boundary, or at a lateral inter-
face where DMI vanishes) in the same parametric domain
as in Sec. III, and discuss the thermal stability and life-
time of skyrmions in the different cases. Our findings are
summarized in Sec. V.
II. MODEL
In this work we consider a 0.6 nm thick cobalt (Co) film
with perpendicular magnetic anisotropy on a platinum
(Pt) substrate, without or with a capping layer of a dif-
ferent material (MgO, Ir, or other). The magnetic layer
is composed of three atomic monolayers (MLs) with an
fcc stacking sequence and a lattice constant of a = 2.51A˚,
as shown in Fig. 1. We describe the magnetic material
by a standard effective Hamiltonian
H =−J
∑
<i,j>
Si · Sj
−
∑
<i,j>
Dij · (Si × Sj)−K
∑
i
(Si · zˆ)2
−µ0
8pi
∑
i,j 6=i
3(µi · uij)(µj · uij)− µi · µj
r3ij
(1)
within the Heisenberg model. Si = µi/µ is a three-
dimensional unit vector representing the orientation of
the effective magnetic moment µi localized on atomic
sites, where µi = 2.1µB and µB is the Bohr magneton.
J is the effective nearest-neighbor exchange integral and
Dij is the DM vector arising from a three-site indirect
exchange mechanism that couples two atomic spins to
a neighbor atom with large spin-orbit coupling28. Such
interface-induced DMI vectors are perpendicular to the
unit vector uˆij connecting Si and Sj within the inter-
face plane, namely Dij = D(uˆij × zˆ). K describes the
uniaxial perpendicular magnetic anisotropy with zˆ nor-
mal to plane. The last term in Eq. (1) corresponds to
the dipole-dipole interaction between two atomic spins,
where rij is the distance between sites i and j.
Since the dipolar coupling mainly acts as a shape
anisotropy29, it is possible to include its effect by reduc-
ing the anisotropy constant in the Hamiltonian22,23. This
has been carefully examined in the current work for few-
atom thick films by directly calculating the dipolar inter-
actions in the full neighborhood (i.e. all spin pairs). The
massive computational effort involved, with over one bil-
lion atomic spin pairs, is tackled by graphics processing
units (GPUs) for this part of the calculations. Similarity
in the obtained results point to the same conclusions as in
the monolayer case, so we consider a reduced anisotropy
constant which effectively mimics the inclusion of dipo-
lar interactions, muck like in Refs. 22 and 23. References
to anisotropy in the text are in terms of the effective
anisotropy, where the dipolar term is implicitly included.
The considered sample is delimited by free boundary
conditions and the size is chosen to roughly match the
width of skyrmion-based racetrack memories proposed to
date14. In this context, free boundary conditions means
that the exchange and DM bonds are ignored between a
boundary atom and anything that is outside of the finite
geometry. This approach leads to similar magnetization
profiles (canting of spins along the boundary) as those
found in Refs. 30 and 31, which have included explicit
corrections in the boundary conditions to account for
DM interactions. A lattice of 130× 130× 3 spins is used,
which roughly corresponds to a 32× 28× 0.6 nm nanos-
tructure. Simulations are performed at zero temperature
and in absence of magnetic fields. The exchange stiffness
(J = 29 meV per bond), DM interaction (D = 1.5 meV
per bond), and effective anisotropy (K = 0.276 meV per
atom) are taken from experimental works on Co/Pt sam-
ples, as listed in22. For particular cases considered in this
work D is retrieved from ab initio calculations26,27, where
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FIG. 1. Oblique view of the 3ML skyrmion structure, with
color-coded spin directions. The monolayer-resolved DMI
(shown in the left) corresponds to 3ML Co on Pt. The re-
maining parameters are taken to be J = 10 meV per bond
and K = 0.1 meV per atom. An fcc stacking sequence is used,
where interlayer distances are not drawn to scale.
DM interaction is inhomogeneous over the Co monolay-
ers (see Fig. 1), and can exhibit fairly nontrivial distribu-
tion depending on the chosen capping layer on top of Co.
For the anisotropy and exchange interaction, however,
we kept the parameter values homogeneous throughout
the magnetic material. This is mainly caused by the
lack of available information on layer-resolved interac-
tions, but it also facilitates the understanding of our re-
sults (since we avoid competing interactions between the
known monolayer-resolved DMI and the arbitrary varia-
tion of other parameters). Note that different J and K
are necessary for stabilizing skyrmions with monolayer-
dependent DMI, compared to the case of uniform (aver-
age) D from Ref.22. In our simulations, both interlayer
and intralayer bonds are considered for the exchange and
DM interactions using only the nearest neighbors. To
stabilize the skyrmion, the system is numerically relaxed
with a steepest descent method after initializing a circle
of spins (with radius fixed to 4 nm) which point in the
opposite direction of magnetization13. This hard circular
domain ensures convergence to a (metastable) Sk state if
such a solution exists, since the spin configuration must
pass through it before reaching the FM state.
III. STABILITY OF A SKYRMION
A. Three monolayers Co on Pt
We start the analysis by considering the case of con-
stant (uniform) DM interaction (DMI) in the 3ML Co
film on Pt. The skyrmion found is similar to the one in
a Co monolayer with same DMI22,23, where its energy of
1580 meV roughly matches the 500 meV for a monolayer
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FIG. 2. Magnetic state diagram at zero temperature and in
absence of magnetic field, as a function of anisotropy and
exchange interaction, for DMI taken as in Fig. 1. Data
points (circles and triangles) are retrieved from numerical
simulations. The transition boundaries separate regions of
metastable skyrmions (shaded in red) from the uniform (FM)
ground state (white), and the skyrmion ground state (shaded
in blue). Skyrmions are shown for different locations in the
parameter space, denoted by crosses.
skyrmion considering there are three times more atoms
in an 3ML fcc structure than in a two dimensional tri-
angular lattice, albeit with a slightly higher diameter of
6.4 nm instead of 4.6 nm in the monolayer case. The di-
ameter is calculated as the sum of inter-atomic distance
between spins with Si · zˆ ≤ 0. However, assuming a
homogeneous effective DMI for few monolayers is highly
unrealistic since the DMI strength D should be inversely
proportional to the thickness of the magnetic layer32,33.
A more accurate approach is to obtain the monolayer-
resolved D from first principles26,27 and incorporate it in
our atomistic spin model. Here D takes a large postive
value in the first monolayer (2.25 meV per bond) and
weakly proliferates away from the Co/Pt interface (−0.3
and −0.4 meV per bond for the middle and top layers,
respectively). Although Ref. 27 neglects interlayer con-
tributions as being too small, we include them in our
calculations as the average between DMIs in successive
monolayers. In this approach we find that the skyrmion
is no longer stable for the conditions defined earlier22.
Instead, a full sweep of the relevant parameters is needed
to find a parametric domain where skyrmions are stable.
For the case of monolayer-resolved DMI in a 3ML Co
film, we constructed a magnetic state diagram as a func-
tion of magnetic anisotropy, K, and exchange coupling,
J . Fig. 2 shows that metastable skyrmions can form in a
significant portion of the parameter space, albeit at zero
temperature. The rest of the diagram corresponds to the
uniform (FM) ground state. We find that skyrmions can
only exist for anisotropies that are much lower than ex-
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FIG. 3. (a) Skyrmion energy and (b) skyrmion size as a func-
tion of magnetic anisotropy for fixed values of the exchange
coupling, J . Dotted line corresponds to the case of homoge-
neous DMI, with parameter values taken from Ref. 22.
pected. In particular, the Sk state survives when K is
almost an order of magnitude smaller than in the usual
case of homogeneous DMI (K = 0.276 meV per atom).
A plausible explanation is that vertical dilution of DMI
in Co monolayers reduces the ability for a skyrmion to
form through the entire depth of the magnetic material.
Atomic layers further from the Pt substrate will have
weak DMI that cannot sustain a stable skyrmion struc-
ture, which then propagates into the lower layers through
the exchange coupling. Strong ferromagnetic ordering
therefore takes over, whereas a low exchange coupling
would restore the stability of skyrmions. We also note
the inverse relation between the effects of anisotropy and
the exchange interaction on skyrmion stability, well char-
acterized by the transition lines and the shape of the sta-
bility domain of the skyrmion in Fig. 2.
Fig. 3(a) shows that the Sk energy (calculated as the
energy difference between the Sk and FM state) is higher
for stronger exchange interactions and increases with
increasing magnetic anisotropy. For strong exchange
(J = 30 meV per bond) the skyrmion has an average
energy of 2.2 eV compared to 0.5 eV for weak exchange
(J = 10 meV per bond). It can also be seen that the
variation of energy as a function of K difference is only
80 meV in the former case but as high as 202 meV in
the latter. This demonstrates that the anisotropy has a
more pronounced effect on the skyrmion energy for weak
exchange interactions. Energetically favorable configu-
rations, that are closer to the ground state, can thus
be obtained by decreasing either of the two parameters.
The size (diameter) of the skyrmion core is inversely pro-
portional to the anisotropy, which lies in correspondence
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FIG. 4. Relative difference between the number of core spins
in the first and the third monolayer [(N
(1)
c −N (3)c )
/
N
(1)
c )] as a
function of magnetic anisotropy for weak and strong exchange
interactions.
with its energy [Fig. 3(b)]. As anisotropy decreases the
skyrmion grows in size until the remaining outer spins
are flipped to the uniform ground state (all spins down),
or until the skyrmion slides outside from the boundary.
For large K and lower J the skyrmion shrinks in size and
its energy increases until it overcomes the energy barrier
and collapses to the uniform ground state with all spins
up. It is worth noting that the skyrmions found here can
be as small as 1−2 nm in diameter or as large as ∼ 18 nm
for low exchange constants. For high J , the skyrmions
never surpass 10 nm in diameter [see exemplified cases in
Fig. 2]. This implies that the constraining geometry of
finite systems can have a strong effect on skyrmion size
and energy, especially in the presence of strong exchange
coupling34.
It is informative to compare the skyrmion structure in
our approach to that in the case of homogeneous DMI.
The skyrmion energy in the latter case is 1.59 eV, and
skyrmion core has a diameter of 6.4 nm in all three mono-
layers. In Fig. 1 we have shown that for a 3ML sample
with monolayer-resolved DMI, the Sk structure persists
through the entire magnetic material. The skyrmion
core, however, can shrink for monolayers far from the
Co/Pt interface, since the DMI strength decreases verti-
cally in the magnetic material. In Fig. 4 we observe for
what range of parameters are there significant variations
in skyrmion size between individual monolayers. The
figure shows that the skyrmion diameter depends heav-
ily on the strength of exchange interactions. While fluc-
tuations in skyrmion size between monolayers are neg-
ligible for strong exchange (less than 5% regardless of
the anisotropy, which amounts to only a few spins), for
weak J they vary from small to large as we increase the
anisotropy. A plausible explanation for this behavior is
that strong exchange interactions prevent distortion of
the skyrmion structure across different monolayers. We
can therefore expect that interlayer variations are not
important in the few ML Co on Pt system considered
here.
Fig. 5(a) reveals a change in skyrmion profile com-
pared with that for homogeneous DMI. In particular, the
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FIG. 5. (a) Line profile of an individual skyrmion for homo-
geneous DMI and for monolayer-resolved DMI [see Fig. 1].
Strong exchange coupling is assumed (J = 30 meV per bond)
and the anisotropy is chosen to be K = 0.036 meV per atom.
The labels refer to the individual Co monolayers that are clos-
est (Co1), in between (Co2), and furthest (Co3) from the Pt
substrate. (b) Total energy difference (exchange, DM, and
anisotropy) per Co atom with respect to the uniform FM
state as a function of distance from the skyrmion center. (c-
e) Energy difference due to exchange interaction, magnetic
anisotropy and DM interaction, respectively.
skyrmion is more extended in the sense that spins rotate
to the uniform FM state at a slower spatial rate while the
core spins (Sz ≤ 0) have smaller magnitudes. However,
this could be a result of the different anisotropies used
in the two cases which induce different skyrmion sizes.
The fact that the profile is identical throughout all three
Co monolayers matches our previous results regarding
skyrmion diameter throughout the magnetic structure for
strong exchange couplings [see Fig. 4]. The total energy
contribution per Co atom appears to be significantly dif-
ferent. For the homogeneous DMI case the energy profile
(energy difference per Co atom or bond as a function of
distance from skyrmion center) has a maximum (E > 0)
followed by a minimum (E < 0) as expected from litera-
ture24,35. In our approach there are three distinct energy
profiles for different monolayers, which correspond to the
different DMIs in the three layers. The monolayer clos-
est to the surface has an energy profile similar to one
found in the homogeneous case, but the energy profiles
of the two monolayers further above follow a monotonic
decrease.
These energy profiles can be understood by analyz-
ing individual contributions of different magnetic inter-
actions, plotted in Fig. 5(c-e). The two curves in Fig. 5(c)
distinguish the stronger local variation of the exchange
energy in the central monolayer compared to the top and
bottom ones. There is a peak in exchange energy for the
homogeneous case as the spins rotate from the skyrmion
core to ferromagnetic ordering. This is not observed for
the monolayer-resolved DMI because the core is already
too small to have spins aligned in the center. In that
case the DM energy takes three different profiles which
correspond to the dilution of DMI in three Co monolay-
ers [according to Fig. 1]. The difference in total energy
profiles arises from the cancellation of contributions of ex-
change and DM interactions in the first monolayer, but
not in the other two due to low DM energy there. In
the homogeneous case the anisotropy energy has a signif-
icantly stronger effect on the total energy per Co atom
compared to the monolayer-resolved DMI [see Fig. 5(d)].
This can be explained by the higher K needed to stabilize
a skyrmion with homogeneous DMI [see Fig. 3].
B. Three monolayers Co in a spin-orbit sandwich
In what follows, we consider samples where the mag-
netic film is sandwiched between materials that pro-
vide (a)symmetric spin-orbit coupling (Pt-Co-MgO26,
Pt-Co-Ir25,27, and Pt-Co-Pt27). The choice of mate-
rials is guided by recent experiments where skyrmions
were stabilized at room-temperature25,26 and by ab ini-
tio predictions for DMI in ferromagnetic/heavy metal
bilayers27. This class of samples allows for relatively
large DMI to be achieved, which is clearly favorable for
skyrmions. In Fig. 6(a), we show the comparative anal-
ysis of monolayer-resolved DMI in sandwiched 3ML Co
samples and the previously considered 3ML Co on Pt.
DMI remains largest in the first Co monolayer, mainly
stemming from the Pt-Co interface26. In a Pt-Co-Ir sand-
wich, the DMI for Co-Ir interface is weaker than for the
third Co monolayer for 3ML Co on Pt, which reduces the
negative value of DMI in the central Co monolayer and
increases the total DMI. In a Pt-Co-MgO case, DMI at
the Co-MgO interface has the same sign as that of Pt-
Co, which enhances the total DMI and further reduces
the negative DMI in the central monolayer. Pt-Co-Pt
samples would ideally have symmetric interfaces, which
leads to no DMI in the central monolayer and (in practice
nearly) zero overall DMI27.
With this input for monolayer-resolved DMI, we
present the properties of isolated skyrmions in the
discussed hybrid multilayer structures, retrieved from
atomic-spin simulations. Fig. 6(b) shows that Sk ener-
gies have similar (monotonically) increasing profiles as a
function of anisotropy as found in the 3ML Co on Pt case.
For the assumed identical exchange coupling, skyrmions
in Pt-Co-MgO samples have lower energies than those
found in Pt-Co-Ir, which are in turn lower than in Pt-Co
case. No skyrmion states were found in Pt-Co-Pt, for
either strong or weak exchange interactions, because of
the specific self-canceling DMI in that case. We also note
that in multilayers the skyrmion stability is extended to
higher anisotropy values, as expected from the increase
in total DMI seen in Fig. 6(a). In particular, the energy
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FIG. 6. (a) Layer resolved DMI strength for the 3ML Co
in considered sandwich multilayers, compared to the case of
epitaxial 3ML Co on Pt, retrieved from ab initio calcula-
tions26,27. (b) Skyrmion energy and (c) skyrmion size (diam-
eter) as a function of magnetic anisotropy for strong exchange
coupling (J = 30 meV per bond).
profile of Pt-Co-MgO extends significantly more to higher
anisotropy since the DMI strength is positive in the last
Co ML, contrary to negative values found in Co-Pt-Ir
and Pt-Co cases. The range of possible skyrmion sizes
also increases in multilayer structures [see Fig. 6(c)]. For
strong exchange coupling, the largest found skyrmions
are 7 nm in diameter for Pt-Co, 8 nm for Pt-Co-Ir, and
10 nm for Pt-Co-MgO, whereas the smallest ones are 2.3
nm, 2 nm and 1.8 nm, respectively.
In Fig. 7, the total energy per Co atom is shown for the
individual monolayers. In the Pt-Co-Ir case the energy
profiles closely resemble those discussed for Pt-Co. In Pt-
Co-MgO, however, the energy profiles differ significantly
from latter two cases, as peaks in the energy profiles are
shifted outward to about 5 nm from the skyrmion core.
The energy profiles of the three monolayers are much
closer in magnitude than those found in Pt-Co and Pt-
Co-Ir, mostly because the DMI has the same sign in the
first and third monolayers which results in more stable
skyrmion structures. This suggests that the spatial pro-
file of the skyrmion core is significantly different com-
pared to other cases.
IV. ENERGY PATHS FOR SKYRMION
COLLAPSE
The thermal stability of magnetic skyrmions can be
assessed by studying the mechanisms for skyrmion col-
lapse and the associated energy barriers. Minimum en-
ergy path calculations are often used to find transition
paths in atomistic systems, and were recently extended to
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FIG. 7. (a) Line profile of an individual skyrmion for the
3ML Co in considered sandwich multilayers and the case of
epitaxial 3ML Co on Pt. (b) The energy difference per Co
atom with respect to the FM ground state as a function of
distance from the skyrmion core. Strong exchange coupling
is assumed (J = 30 meV per bond) and the anisotropy is
taken as K = 0.036 meV per atom. The symbols correspond
to the individual Co monolayers that are closest (squares), in
between (circles), and farthest (triangles) from the Pt sub-
strate.
magnetic systems as well22,23,36,37. For example, Refs. 22
and 23 have used minimum energy paths to describe the
collapse of isolated skyrmions. However, these works are
restricted to a single atomic layer of magnetic material,
and considered solely the isotropic (on itself) collapse of a
skyrmion. Here we extend the material system to a more
realistic few-monolayer case, sandwiched or not, laterally
finite in size with either physical end of the ferromagnetic
film or an interface where DMI vanishes (due to e.g. lat-
erally finite heavy-metal layer). We consider two evolu-
tion paths the system can take in the process of skyrmion
nucleation or annihilation: an isotropic transition where
a symmetric rotation of the spins in the radial direction
takes place22,23 and collapse at the boundary38. We make
use of the geodesic nudged elastic band method37 to cal-
culate minimum energy paths for an isolated skyrmion.
After reproducing the test problems from Refs. 36 and 37,
we simulated the monolayer skyrmion of Ref. 22 and re-
covered the same energy barrier for isotropic collapse as
in Ref. 23.
The minimum energy paths were calculated as follows.
A set of intermediate replicas of the system (referred to
as images) were generated to produce a discrete repre-
sentation of the transition path23. Here, a total of 20
images were considered with the initial and final points
fixed to the Sk and FM state, respectively. The other
18 images are energy minimized in a collective way us-
ing an iterative optimization procedure37,39. Relaxation
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FIG. 8. Top view of magnetization (Sz) distribution for (a-e) isotropic and (f-j) boundary collapse paths of a skyrmion in 3ML
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isotropic (k) and boundary (l) collapse. The reaction coordinate is defined as the normalized (geodesic) displacement along the
minimum energy path.
occurs in the plane orthogonal to the tangent between
successive images, which are connected by spring forces
to ensure equal spacing along the transition path. The
curved manifold of magnetic systems is taken into ac-
count by using a geodesic measure of distances and pro-
jecting path tangents and magnetic forces on its tangent
space37. The highest image moves up the energy surface
along the transition path using the climbing image algo-
rithm40, and converges rigorously to a first-order saddle
point. This can be verified by ensuring the energy gradi-
ent is sufficiently close to zero. Given the complexity of
the energy surface, different stable paths can be obtained
depending on the initial guess.
A. Isotropic vs. boundary collapse
First, we consider the case of an isotropic collapse in
a 3ML Co film on Pt. The initial path is constructed
by rotating each atomic spin from its initial orienta-
tion to the final one using Rodrigues’ rotation formula37.
Fig. 8(a-e) shows that the converged path is character-
ized by a progressive reduction of the skyrmion diameter
down to zero22,23. Once the skyrmion core disappears
[see Fig. 8(e)], the central spins are flipped due to fer-
romagnetic ordering (shown in red) which leaves a ring
of spins pointing in the plane (shown in yellow). This
corresponds to a peak in the magnetization (Sz) profile
as the skyrmion is pointing up in the center, reaches a
maximum at the ring, and again points up outside the
skyrmion region. Moreover, the observed behavior coin-
cides with the magnetization profiles in Ref. 23, but was
not found in Ref. 22 where the paths failed to converge
to a minimum-energy path.
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FIG. 9. Energy barriers for (a) isotropic and (b) boundary
collapse of a skyrmion as a function of magnetic anisotropy.
Each point corresponds to a unique energy barrier retrieved
from the maximum (saddle point) in a minimum-energy path.
The central spins in the last image are flipped due
to ferromagnetic ordering, which leaves a ring of spins
pointing in the plane. This is accompanied by a peak
in the magnetization (Sz) profile as found in Ref. 23.
Fig. 9(a) shows that the corresponding energy barriers
increase for lower magnetic anisotropy, surpassing 100
meV for J < 30 meV per bond. The monotonic increase
with increasing J follows the increase in skyrmion size,
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magnetic anisotropies with respect to the FM ground state.
Solid lines are cubic polynomial interpolations37 of the dis-
crete images (dots). Black lines correspond to the case of
homogeneous DMI.
which requires more core spins to flip into the FM state
along the path. We note however that the exact shape
and maximum of the energy curve will depend on the ge-
ometry and size of the finite system. The obtained min-
imum energy paths [Fig. 10(a)] indicate that the tran-
sition path is similar to the monolayer case22,23. For a
skyrmion with diameter of 4.7 nm the energy barrier is
41 meV compared to the 37 meV found in Ref. 23. The
low energy barrier can be explained by the competition
between the destabilizing DMI which dilutes in mono-
layers away from the substrate and the thickness of the
magnetic layer which increases skyrmion stability. This
suggests that the energy barriers in the considered case
are going to be similar to those in 1ML Co on Pt.
The second considered situation is the skyrmion col-
lapse at the sample boundary, i.e. the physical end of
the ferromagnetic film38. In this case, an initial path
is made by sliding a window containing the skyrmion
from the center to the boundary of the sample. In the
final transition path [shown in Fig. 8(f-j)], the skyrmion
core is distorted towards the boundary, before opening
into a half circle, after which the spins gradually re-
lax into the FM state. The saddle point in energy is
found when the approaching skyrmion causes the bound-
ary spins to cant outwards, such that their angle with
the substrate (further denoted as θ) is greater than pi/2.
The exact distance at which this happens can be de-
scribed by the exchange interaction length
√
J/K, which
is the length below which atomic exchange interactions
dominate anisotropy or magnetostatic fields, and governs
0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0
- 6 0 0
- 4 0 0
- 2 0 0
0
2 0 0 a
∆E(
 me
V)
0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0
- 6 0 0
- 4 0 0
- 2 0 0
0
2 0 0
r e a c t i o n  c o o r d i n a t e
b
∆E 
(me
V)
0 . 1 40 . 0 6K
FIG. 11. Minimum-energy paths for (a) isotropic and (b)
boundary skyrmion collapse in case of weak exchange cou-
pling (J = 10 meV per bond). Paths are shown for different
magnetic anisotropies with respect to the FM ground state.
Solid lines are cubic polynomial interpolations of the discrete
images (dots).
the width of the transition between magnetic domains41.
In the considered few-monolayer ferromagnetic films, we
find that Ne´el domain walls can have widths of around
3
√
J/K, as was suggested in literature for the case of
very thin films41,42.
Fig. 9(b) shows that the energy barriers in a bound-
ary collapse are significantly different than those found
for the isotropic collapse [Fig. 9(a)], presenting a maxi-
mum for intermediate anisotropy instead of the mono-
tonic decrease with anisotropy. Further investigation
shows that the observed maxima in barriers is in fact
the boundary effect due the confined geometry of the
sample. Due to open boundary conditions, one finds a
spontaneous inward canting of the boundary spins30 even
for the FM ground state [shown in Fig. 12(a)]. However,
the presence of a large skyrmion (for example for weak
exchange interaction) can affect the boundary spins in
such a way that the tilt angle increases [i.e. θ approaches
pi/2, see Fig. 12(b)] and the energy required to collapse
the skyrmion (or equivalently, to surpass the canting of
boundary spins) is reduced. For given size of the system,
the skyrmion size for which the latter canting occurs will
depend on lex. For example, the peak energy barrier oc-
curs at skyrmion diameter of 12 nm for low exchange
interactions (J < 15 meV per bond), whereas for high
exchange couplings skyrmions of only a few nanometers
in size can already affect the boundary spins in our sam-
ples.
Minimum energy paths for skyrmion collapse at the
boundary are shown in Figs. 10(b) and 11(b), for strong
and weak exchange respectively. For strong J the paths
have a similar behavior to the paths found for the
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FIG. 12. (a) Side view of atomic spins along the right bound-
ary of the system for the FM ground state, during boundary
collapse, and the Sk state left to right respectively. The vari-
ation of the angle that boundary spins make with the sub-
strate is shown in panel (d) as a function of position along
the boundary and in panel (e) as a function of magnetic
anisotropy, for the central spin on the boundary. Calcula-
tions are performed for low exchange coupling (J = 10 meV
per bond).
isotropic collapse. On the other hand, paths for weak
J are characterized by two stages corresponding to the
(i) skyrmion reaching the boundary, and (ii) skyrmion
fully exiting on the boundary. This step is found when
the exchange length is smaller than the skyrmion diame-
ter, thus becomes less pronounced for stronger exchange
couplings or anisotropies (where lex exceeds the skyrmion
size).
The calculated energy barriers for the isolated and
boundary collapse, presented in Fig. 9(a,b) enable us
to determine the preferential collapse mechanism of a
skyrmion in a 3ML Co on Pt, in the presence of e.g. ther-
mal fluctuations. The found preferential collapse mecha-
nisms, superimposed on the parametric range of stability
for a skyrmion (same as in Fig. 2) are indicated in Fig.
13. For skyrmions near the upper bound of their sta-
bility area in the magnetic state diagram of Fig. 13, the
isotropic collapse has a smaller energy barrier compared
to the collapse at the boundary. Therefore we expect the
isotropic collapse to be deterministic for the stability of
skyrmions in that parametric range and not the bound-
ary collapse as suggested in Ref. 38. The energy barriers
for the isotropic collapse can be increased by lowering the
anisotropy, i.e. increasing the skyrmion size, which would
however strongly decrease the barrier for the boundary
collapse. We conclude that for small skyrmions [region
I in Fig. 13] the isotropic collapse limits their stability,
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FIG. 13. Magnetic state diagram from Fig. 2, but with
a dashed line separating the region where stability of the
skyrmion is dictated by boundary collapse (I) from the re-
gion where the isotropic collapse dominates (II).
whereas for large skyrmions [region II in Fig. 13] their
stability is dictated by the boundary collapse.
Finally we briefly discuss the comparison to the mini-
mum energy paths for skyrmions in case of homogeneous
DMI for all three Co monolayers, given by black lines in
Fig. 10. The collapse behavior for isotropic and bound-
ary transitions is seemingly similar to those obtained in
the monolayer-resolved case for 3ML Co on Pt. This is
expected since we found earlier that the skyrmion per-
sists through all three monolayers, with nearly equal size
and energy as for monolayer resolved DMI. However, the
energy barriers are significantly different. The isotropic
collapse has an energy barrier of 336 meV for homoge-
neous DMI compared to the maximum of 74 meV found
for monolayer-resolved DMI, whereas the boundary col-
lapse occurs at 172 meV compared to 22 meV respec-
tively. This is another manifestation of the fact that the
increased cumulative DMI of 4.5 meV per bond (1.5 meV
for each monolayer) induces more stable Sk states, since
in the layer-resolved case DMI is diluted in monolayers
away from the interface with Pt.
B. Collapse at lateral DM interfaces
It is clear that skyrmions have poor thermal stability in
finite systems due to proximity of the boundaries, which
complicates their practical applications in e.g. racetrack
memories. For skyrmions to be usable in desirable situa-
tions, such as near room temperature and in nanostruc-
tured circuits, one needs to increase the energy barrier for
the collapse of the Sk state. One recently reported way to
achieve this is by lateral heterostructuring of the DMI43,
so that the confining system is not determined by the
finite size of the ferromagnetic film but rather by vanish-
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ing DMI (due to e.g. patterned heavy-metal layer(s)). In
what follows, we consider the same system (3ML Co on
Pt) with monolayer resolved DMI inside, surrounded by
an outer region with no DMI, where then an open bound-
ary is placed. We thus study the stability of a skyrmion
towards collapse at the interface between regions with
different DMI. In Fig. 14 we illustrate the considered sys-
tem, where we extended the previous sample by a sur-
rounding band of width 8 nm where DMI vanishes (so
system now contains a total of 75660 spins). We consid-
ered several initial paths: sliding a window containing the
skyrmion from the center to the boundary, relaxing each
image by fixing the core spin, and using the boundary
transition as input. As shown in Fig. 14(a-g), the con-
verged path involves a skyrmion translation towards the
interface and a rotation of the spins into the FM state.
The rotation is similar to that of the isotropic collapse
and occurs right before the interface. The fact that we
do not observe an escape through the interface like in
the boundary case can be explained by the inclusion of
the magnetic layer instead of a vacuum. In particular,
the ferromagnetic ordering between spins near the inter-
face, which point in opposite direction of the skyrmion
core, provides a strong repulsive interaction against the
skyrmion core.
Fig. 15(a) reveals that the energy barrier for collapse
of the skyrmion at the interface where DMI vanishes
(East/West side, see sample in Fig. 14), is significantly
larger than the barrier for a transition at the open bound-
ary. The barrier for collapse at the DMI interface is ac-
tually rather similar to the one for the isotropic collapse,
since the spin-flipping sequence along the minimal energy
path is essentially the same in those two cases. This im-
plies that the the favorable collapse mechanisms in the
(J,K) diagram for the considered system with supressed
DMI on the two sides will be nearly the same as for the
sample without any DMI interface. However, our results
also mean that if we were to completely surround the in-
ner region by a region with low DMI, or elongate the sam-
ple vertically, the boundary collapse will be suppressed
and the barrier for skyrmion collapse for all (J,K) com-
binations will be increased. This is very beneficial for
future design of e.g. skyrmion racetracks, by having an
extended Co film on a track defined by the pre-patterned
Pt substrate.
Arguably, it is more convenient to use the extended Pt
substrate and Co film on it, but then pattern the MgO
capping layer to form a racetrack. In Fig. 15(b) we show
the barriers for different types of skyrmion collapse for
this case, for the sample size identical to one of Fig. 15(a).
The interior of the sample now has MgO on top, with
corresponding layer-resolved DMI (high in the top Co
monolayer, see Fig. 6), while the outer region is bare
3ML Co on Pt - with significantly lower DMI in the top
Co monolayer. In this case, the stability of the skyrmion
is improved as energy barriers for the skyrmion collapse
are higher [shown in Fig. 15(b)], but the relationships
between different mechanisms for collapse remain similar
to the previously considered sample [in Fig. 15(a)].
Therefore, as an optimized design of the skyrmion race-
track at room temperature we discuss the case of the
same geometry of the sample as in Fig. 14, but with pe-
riodic boundary conditions on North/South edges. The
behavior of the barriers for skyrmion collapse, now that
there is no open boundary, are shown in Fig. 16(a,b), for
the materials considered in Fig. 15(a,b) respectively. We
indeed confirm that the barriers for collapse are signifi-
cantly higher, particularly in the low-anisotropy regime
where boundary collapse usually dominates.
Next, from these optimized energy barriers in Fig.
16(a,b), it is interesting to quantify the lifetime of
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in the top Co monolayer). In either sample, stability of the
skyrmion is dictated by boundary collapse at low anisotropy
and isotropic collapse otherwise. The barrier for collapse at
DMI interface greatly exceeds the one for boundary collapse
at all (J,K).
skyrmions using the Arrhenius law
τ = τ0 exp
(
∆E
kBT
)
, (2)
where τ0 is related to the attempt frequency f0 = 1/τ0,
∆E is the energy barrier, kB is the Boltzmann constant,
and T is the temperature. Since the attempt frequencies
are hard to obtain and can vary in magnitude, we assume
f0 = 10
9 Hz as suggested in literature22,38. We focus
on the skyrmion lifetime for the considered systems (see
Figs. 15 and Fig. 16) and scan the lowest energy barrier
for skyrmion collapse as the effective anisotropy is varied.
Fig. 16(c) shows that the lifespan of the skyrmion at room
temperature spans a wide range of magnitudes, from the
order of seconds to just a few nanoseconds, but we can
determine the relevant values based on parameters re-
trieved from experimental works25,26. The exchange con-
stant for the Co layer is roughly 30 meV per bond. The
effective anisotropy varies between 0.019 meV per atom
for Pt-Co-MgO sandwich26 and 0.015 meV per atom for
Pt-Co-Ir multilayers25 (conversion relations between mi-
cromagnetic and atomistic parameters can be found in
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coupling for Co (J = 30 meV per bond), as a function of
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Ref. 38). For such parameter values the skyrmion lifetime
can reach few seconds, based on isotropic or interfacial
collapse discussed in Fig. 16. The boundary escape is not
a realizable collapse mechanism in the considered system,
which has interfaces with regions of no DMI in East/West
direction the skyrmion cannot surpass (see previous dis-
cussions), and is taken periodic in North/South direction
so there is no boundary there. However, for systems with
open boundary conditions in the North/South direction,
the boundary collapse has lifetimes that can reach maxi-
mum of few nanoseconds, as seen from the energy barriers
in Fig. 15.
A proper analysis of skyrmion lifetimes is difficult as
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the exact collapse mechanism which the skyrmion will
undertake depends on its distance from the boundary
or interface. For example, a skyrmion positioned at the
center of a very large sample will naturally be limited by
the isotropic collapse, whereas a skyrmion near the edge
might escape at the boundary instead. Ref. 44 has indeed
observed long-lived skyrmions near room-temperatures,
albeit on racetracks that are 20 times wider than the
skyrmion diameter, where escape at the boundary is very
unlikely to occur. In nanometer-wide racetracks which
are suitable for ultradense magnetic storage devices, how-
ever, the diameter of the skyrmion is only two to five
times smaller than the width of the racetrack, and we
can therefore expect that collapse at the boundary is in-
evitable and will dictate skyrmion stability. We therefore
believe that our analysis on skyrmion lifetimes matches
the behavior of room-temerature skyrmions observed in
experiments. These results indicate that lifetime of a
skyrmion can reach seconds in the considered samples,
compared to maximum few nanoseconds in same geome-
tries with open boundary. This confirms again that the
DM interface as proposed here could be a very conve-
nient solution to the weak stability of skyrmions in finite
systems.
V. CONCLUSIONS
In summary, we have studied the stability of isolated
skyrmions in ultrathin ferromagnetic films with interfa-
cially induced DMI - specifically three monolayers of Co
on Pt, with or without a capping spin-orbit layer (MgO,
Ir, Pt, or similar). The consideration of several mag-
netic monolayers, along with monolayer-resolved DMI re-
trieved from first principles27 gives rise to more realistic,
but less stable Sk states than previously considered in
literature. The obtained skyrmions have different core
structure and consist of fewer core spins and in differ-
ent energy profiles per atom, strongly dependent on the
realized DMI profile. We discussed three possible mech-
anisms for skyrmion collapse in these realistic systems,
via isotropic rotation of the spins, collapse at the bound-
ary of a laterally finite film, or collapse at the lateral
interface where DMI changes. We find that the stabil-
ity of skyrmions smaller than few nm is limited by the
isotropic collapse, whereas larger ones are more likely to
collapse at the boundary. The confined geometry in finite
systems causes poor thermal stability of the skyrmion38,
as the skyrmion sees low energy barrier toward collapse
at the boundary. The correspondingly short skyrmion
lifetime severely limits their applicability, particularly at
room temperature. Instead, we show that it is most fa-
vorable to replace the boundary by an interface where
DMI is lowered43, by e.g. having an extended Co film on
Pt, but finite capping layer of MgO on top26. In such
a case, the barrier for skyrmion collapse at the interface
where DMI changes is far larger than it used to be at
the open boundary, and lifetime of the skyrmion at room
temperatures extends from few nanoseconds to few sec-
onds, making skyrmions much more favorable for future
data processing devices.
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